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(57) ABSTRACT

A programmable phase shifter 1s constructed of Rapid Single
Flux Quantum (RSFQ) logic elements. The logic elements
may 1nclude an RSFQ mverter and an RSFQ T flip-tlop. A
digital word comprising N bits 1s used to control the amount
of phase shift and the phase shifter selectively imparts a
respective phase shift for any of 2* states that can be repre-
sented by the digital word. The RSFQ logic elements utilize
Josephson junctions which operate 1n the superconducting
temperature domain.

12 Claims, 5 Drawing Sheets

Data m-1

Data k

Frequency
Reference (Clock)

Decimated clock with
programmable delay



U.S. Patent Mar. 24, 2009 Sheet 1 of 5 US 7,508,230 B2

Data 1 Data k Data m-1

TFF

Decimated clock with

Frequency programmable delay
Reference (Clock)

FIG. 1



U.S. Patent Mar. 24, 2009 Sheet 2 of 5 US 7,508,230 B2

‘ (UUTPUT
- =
1 nm -

M|

—l|

(INPUT)

F16.21 ”|

FIG. 2F 5

F6. 26 6

(UUTPUT
FI6. 2H 7




U.S. Patent Mar. 24, 2009 Sheet 3 of 5 US 7,508,230 B2

I
O

3 L | 14

J]
)]

1=




U.S. Patent Mar. 24, 2009 Sheet 4 of 5 US 7,508,230 B2

I am).
O 2B L] D
J] J4
{4

1> |

J2

13
13
= 15

MEALY MACHINE

T/0UT IN

7 /
Q 0

FI6. 4B




G 3In3L

US 7,508,230 B2

Sheet 5 of 5

rid e i vt £
_ : __..___“,h e ; ...._ w._.___.__.l......._.._._...___.__i-.-.— ¥l
\ Ay s i 15_. IE.-.E....- __....
sttty B 1 mu
- WH_.*I._.H ‘ Hﬂ ol :
raad), L8 LI rye .,__
" y ooy _"_- q ._ “_-“ i
l-uﬁh‘
L
L
=
M G
“”,,.E:h
— . ..— a1
e 1y _—.H.
] d | _.
e
Nieeeek)

U.S. Patent



US 7,508,230 B2

1

DIGITAL PROGRAMMABLE PHASEL
GENERATOR

STATEMENT REGARDING FEDERALLY
FUNDED RESEARCH

This invention was made with Government support under
Contract Number N00014-02-C-0003.

BACKGROUND OF THE INVENTION

1. Field of Invention

The invention described herein relates to the field of super-
conductivity, and more specifically relates to circuits and
techniques for implementing digital logic using Josephson
junctions.

2. Related Art

Josephson junctions are quantum-mechanical circuit ele-
ments of superconducting devices. The Josephson effect in
particular results from two superconductors acting to pre-
serve long-range order across a barrier, such as an insulating
barrier. With a thin enough barrier, the phase of the electron
wave function in one superconductor maintains a {ixed rela-
tionship with the phase of the wave function 1n another super-
conductor. This linking up of phases 1s called phase coher-
ence.

A Josephson junction 1s the interface between two super-
conducting materials separated by a non-superconducting
barrier. A current may flow freely within the superconductors
but the barner prevents the current from flowing freely
between them. However, a supercurrent may tunnel through
the barrier depending on the quantum phase of the supercon-
ductors. The amount of supercurrent that may tunnel through
the barriers 1s restricted by the size and substance of the
barrier. The maximum value the supercurrent may obtain 1s
called a critical current of the Josephson junction.

Josephson junctions have two basic electrical properties.
The first1s that the junctions have inductive reactance. That s,
similar to inductors, the voltage difference across the junction
1s related to the time rate of change of the current. The second
1s that a constant voltage across the junction will produce an
oscillating current through the barrier, and vice versa. Thus,
Josephson junctions convert a direct current voltage to an
alternating current.

A Tamily of logic/memory devices were proposed using
Josephson junctions in IEEE Transactions on Applied Super-
conductivity, Volume 1, Number 1, March 1991, by K. K.
Likharev and V. K. Semenov 1n an article entitled, RSF(Q
Logic/Memory Family: A New Josephson Junction Technol-
ogy For Sub-Terahertz-Clock-Frequency Digital Systems.
That article 1s hereby incorporated by reference 1n 1ts entirety
into specification of this application.

RSFQ circuits are widely recognized as the fastest digital
circuits 1n any electronic technology, and this 1s also true of
RSFQ digital phase generators of the prior art. However, the
lack of flexible programmability of these prior art phase gen-
erator circuits greatly restricted their use within complex
digital RSFQ circuits. The circuits of the proposed invention
are casily digitally programmable to achieve a wide range of

digital phase delays, while maintaining the ultrafast speed of
RSFQ circuits.

BRIEF SUMMARY OF THE INVENTION

The mmvention described herein 1s related to circuits and
techniques for implementing a digital programmable phase
generator utilizing Josephson junction technology.
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2

The purpose of the invention 1s to provide a digital phase
generator with controllable phase shift, which overcomes the
problems of the prior art.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1, 1s a block diagram of a programmable phase gen-
erator 1n accordance with one aspect of the invention.

FIG. 2, comprising FIGS. 2A through 2H show the deci-
mated clock output wave forms having selected delay pro-
vided by the output of the circuit of FIG. 1 and FIG. 21 shows
an exemplary frequency reference of FIG. 1.

FIG. 3(A), shows a circuit for construction of an RSFQ

toggling flip-flop (T flip-flop) as used 1n the construction of
the circuit of FIG. 1.

FIG. 3(B), shows a Moore diagram of the .RSFQ toggle
tlip-flop used 1n FIG. 1.

FIG. 4(A), shows a circuit for an RSFQ 1nverter stage as
used 1n the construction of the circuit of FIG. 1.

FIG. 4(B), shows a Mealey machine representation of the
SFQ mverter shown 1n FIG. 4(A).

FIG. 5, 1s an exemplary layout of a repeatable inverter—T
tlip-flop cell used in constructing the programmable phase
generator of FIG. 1.

DETAILED DESCRIPTION OF THE INVENTION

FIG. 1 1s a block diagram of a programmable phase gen-
erator 1n accordance with one aspect of the mvention. The
programmable phase generator of FIG. 1 uses a Rapid Single
Flux Quantum (RSFQ) binary counter comprising a chain of
RSFQ toggling tlip-tlop (TFFs). It decimates the input peri-
odic single-flux-quantum (SFQ) pulse signal by a factor of
2™, where m 1s the number of TFFs. By extracting an SF(Q)
pulse from the k-th stage of the counter, the programmable
phase generator delays the output signal by T-2*, where T is
an mput pulse sequence period. Thus, 1t achieves a phase shift
of the output sequence by 2m-2""". In order to realize the
functionality, an RSFQ inverter 1s inserted before each toggle
tlip-flop. The clock input and the data output of each mverter
are connected to the output of the preceding TFF and the input
of thenext' TFF respectively. Inthe absence of a data signal, an
inverter stage forwards all clock pulses to 1ts output. When an
SFQ pulse 1s sent to the data input of the inverter, 1t skips the
tollowing clock pulse. Thus, by sending an m-bit binary num-
ber N to the data inputs of the device, one achieves a select-
able phase shift of the output signal by 27-N-277,

FIGS. 2(A)-2(1) illustrates the operation of the circuit
shown 1n FIG. 1. FIG. 2(I) shows the reference clock applied
to the mput of the chain of toggle tlip-tlops. FIGS. 2(A)-2(H)
represent the situation, respectively, when a data pulse 1s
applied atthe data O, 1, 2 . . . m-1 1nput. As can be seen from
the respective diagrams, a phase delay of 8t+t times the
number of the data input stage results from activation of a data
pulse on one of the data k inputs.

FIG. 3(A) shows a circuit for construction of a SFQ toggle
tlip-tflop as used 1n the construction of the circuit of FIG. 1.
The operation of this latch 1s identical to that of an RS tlip-tlop
trigger with joined set and reset inputs. The T tlip-tlop has 2
stable states: “1”” and “0”, that 1s, with and without a magnetic
flux quantum stored inside a loop. Every mput pulse “17
triggers switching of the latch to the opposite state. When 1t 1s
in state “0” an incoming SFQ pulse at port “1”” switches the T
tlip-flop to the state “1”. When the latch 1s 1n state “1” an SFQ
pulse at mput “1” flips the tlip-flop to state “0”. The transition
“17->*0" results 1n appearance of an SFQ pulse at the output
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“2”. Note that the frequency of the output pulses 1s exactly 142
of the frequency of the mput pulses.

The normalized PSCAN units are normalized to 125 pA for
junctions critical currents J and bias current values I and to
2.63 pA for inductance values L.

The values of the normalized units for FIG. 3A are
11=2.02, J12=2.46, I13=1.31, J4=1.00, 15=2.04, 11=2.02,
[L1=1.91, L2=1.80, L3=0.65, L4=0.20, L5=0.16, LQ1=0.16,
LJ1=0.11, LIJ2=0.30, LIJ3=0.06, LJ4=0.15, LJ5=0.07,
XST=0.00.

FIG. 3(B) shows a Moore diagram of the SFQ T flip-tlop
used i FIG. 1.

FIG. 4(A) shows a circuit for an SFQ inverter as used in the
construction of the circuit of FI1G. 1. This 1s a simple inverting
latch. It a data pulse arrives then the next clock pulse reads out
“0” (no output pulse 1s produced), otherwise 1t reads out “1”
(output pulse 1s produced). If more than one data pulses arrive
between two clock pulses all except the first one are 1gnored.

When a pulse arrives on input 1, it 1s inverted and output on

output 3.
The normalized PSCAN values for the circuit of FIG. 4A

are as follows: J1=1.93, J2=2.00, J3=1.54, J4=2.28, J5=2.00,
[1=2.33, L1=4.12, L.2=0.99, L.3=2.85, L4=1.50, L5=0.59,
LJ1=0.65, LI2=0.04, LIJ3=0.01, LJ4=0.01, LJ5=0.26,
LQ1=0.15, XST=0.00.

FIG. 4(B) shows a MEALY machine representation of the
RSFQ inverter used 1n FIG. 1.

FIG. 5 shows an exemplary layout of a repeatable
inverter— 1 flip-flop cell used 1n constructing the program-
mable phase generator of FIG. 1. This layout has been
designed and fabricated using HYPRES'1.0 kA/cm” process
and successiully tested at up to 40 GHz.

While various embodiments of the present invention have
been 1llustrated herein 1n detail, 1t should be apparent that
modifications and adaptations to those embodiments may
occur to those skilled in the art without departing from the
scope of the present mvention as set forth 1n the following
claims.

What 1s claimed:

1. A programmable phase shifter comprising Single Flux
Quantum (SFQ) logic elements, 1n which the SFQ logic ele-
ments comprise one or more Rapid Single Flux Quantum
(RSFQ) T thip-flops connected together by way of an RSFQ)
inverter.

2. The programmable phase shifter of claim 1 in which one
or more RSFQ mverters selectively recetve respective signals
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constituting a digital word specitying the amount of phase
shift to apply to an incoming clock signal.

3. The programmable phase shifter of claim 2 1n which the
signals comprise RSFQ pulses.

4. The programmable phase shifter of claim 1 1n which the
amount of phase shift to be imparted by the phase shifter 1s
specified by a digital word.

5. The programmable phase shifter of claim 4 1n which the
digital word comprises N bits, and the phase shifter selec-
tively imparts a respective phase shift for any of 2 states that
can be represented by the digital word.

6. The programmable phase shifter of claim 1 in which the
SFQ logic elements comprise Josephson junctions.

7. A manufactured device comprising the programmable
phase shifter of claim 6.

8. A method of providing a selected phase shitt, comprising,
the steps of:

a. applying a source having a frequency to an iput of a
Rapid Single Flux Quantum (RSFQ) logic cell in which
a plurality of RSFQ logic cells are conntected 1n series
with the output of one cell connected to the mput of
another cell and 1n which an RSFQ logic cell comprises
an RSFQ inverter connected 1n series with an RSFQ T
tlip-flop;

b. providing a phase shiit to the frequency received at said
input, depending upon receipt of a Single Flux Quantum
(SFQ) pulse at another iput of said cell; and

c. providing an output from said logic cell that is selectively
phase shifted depending on whether said SFQ pulse 1s
received.

9. The method of claim 8 further comprising selectively
receiving, at one or more RSFQ logic cells, respective signals
constituting a digital word specilying the amount of phase
shift to apply to an incoming clock signal.

10. The method of claim 9 in which the signals comprise
RSFQ pulses.

11. The method of claim 8 1n which the amount of phase
shift to be imparted by the phase shifter 1s specified by a
digital word.

12. The method of claim 11 1 which the digital word
comprises N bits, and the phase shifter selectively imparts a
respective phase shift for any of 2 states that can be repre-
sented by the digital word.
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